[ 1 H, 15 N] HSQC NMR spectroscopy has been used to monitor the reaction of fully 15 N-labelled [{trans-PtCl(NH3)2}2(µ-trans-Pt(NH3)2{NH2(CH2)6NH2}2)] 4+ (Triplatin, BBR3464 or 1,0,1/t,t,t ( 15 N-1)) with the self-complementary 10-mer DNA duplex 5´-{d(ACGTATACGT)2} (duplex I) at pH 5.4 and 298 K. Initial electrostatic interactions were observed in the minor groove of the duplex, followed directly by 10 aquation to form the monoaqua monochloro species. There was evidence for two discrete monofunctional adducts, through covalent binding at the guanine N7 sites, and one had distinctly different 1 H/ 15 N chemical shifts to those observed previously in analogous reactions. Bifunctional adduct formation followed by binding at a second guanine N7 site with evidence for both the 3´-3´ 1,2-GG and 5´-5´ 1,6-GG interstrand cross-links in a ratio of 2:1. The results show that cross-link preference is kinetically 15 controlled and will depend critically on the reaction conditions, explaining why in a previous reaction of 1 with duplex I the major adduct isolated by HPLC had two simultaneous 3´-3´ 1,2-interstrand cross-links.
Introduction
The polynuclear platinum complex (PPC) chemotype is structurally distinct from mononuclear cisplatin and is 20 exemplified by the archetypal dinuclear [{trans-PtCl(NH3)2}2(µ-NH2(CH2)6NH2)] 2+ (BBR3005 or 1,1/t,t) and trinuclear [{trans-PtCl(NH3)2}2(µ-trans-Pt(NH3)2{NH2(CH2)6NH2}2)] 4+ (Triplatin, BBR3464 (1) or 1,0,1/t,t,t) (Chart 1). Triplatin advanced to Phase II human clinical trials and remains proof of concept for the 25 utility of "non-classical" structures as anti-cancer agents. 1 The development has been predominantly predicated on production of DNA lesions structurally distinct from those formed by cisplatin and congeners. 2 Especially the formation of long-range interstrand and intrastrand cross-links produces a DNA binding 30 profile distinct from the mononuclear-based agents and, indeed, unlike those of any agent in clinical use. Complementary molecular biology and spectroscopic approaches have examined the structures and kinetics of formation of these adducts. [2] [3] [4] [5] [6] Overall, the results support the view that the cytotoxicity of 35 Triplatin may arise from the sum of the contributions of the multiple DNA cross-links available to this PPC. 2 A significant aspect of this research has been the description of non-interconvertible directional isomers of long-range interstrand cross-links (IXLs). Cross-links occur not only in the ''normal'' 40 5´-5´ direction, since DNA is normally read from the 5´-side, but also in the ''opposite'' antiparallel 3´-3´ direction. 7 The directionality of cross-link formation is dictated by the length of the cross-link. The 1,2-IXL forms in only the 3´-3´ direction; the 1,4-IXL forms in both directions (in approximately equal 45 proportions) while the 1,6-IXL forms in only the 5´-5´ direction. 7 Further, the presence of a charged linker (as in Triplatin) enhances directional isomer formation in the 1,4-IXL, whereas the simple dinuclear compound with the hexanediamine linker (1,1/t,t, Chart 1) forms in only the 5´-5´ direction. 6, 7 To our 50 knowledge, this is the only example of anti-cancer drugs behaving in this manner. 8, 9 We have previously studied the mechanism and kinetics (where possible) of 1,6-GG and/or 1,4-GG (5´-5´ and 3´-3´) cross-links using 2D [ 1 H, 15 N] NMR spectroscopy on defined 55 sequence-specific oligonucelotides for a variety of PPCs. [4] [5] [6] [10] [11] [12] In the case of Triplatin, whilst only one conformer was observed for the 5´-5´ 1,6-GG interstrand cross-link, two discrete conformers were observed for the 5´-5´ 1,4-GG cross-link. In contrast, NMR studies on the formation of the 3´-3´ isomer of the 60 1,4-GG cross-link showed that it is most likely highly distorting compared to the 5´-5´ counterpart. 6 Using larger sequences, differential scanning calorimetry, chemical probes, and use of the minor groove binder Hoechst 33258 as probe, showed that both cross-links occur as a pair of conformers and that all four resulted in formation of two simultaneous 3´-3´ 1,2-GG IXLs.
14 The structure as analyzed by 2D NMR spectroscopy (NOESY, COSY, TOCSY) is quite distinct from the analogous cisplatin 1,2-interstrand (GC)2 adduct where the cytosines of the G-C base pairs are "flipped out" of the helix upon G-platination. 15 Duplex I offers the possibility for the competitive formation of both 3´-3´ 1,2-GG and a 5´-5´ 1,6-GG IXLs and we have previously shown (using 2D [ 1 H, 15 N] HSQC NMR spectroscopy) that Triplatin forms a 5´-5´ 1,6-GG IXL in the DNA duplex 5´-d{TATGTATACATA}2 (duplex II). 5 45 and spectral widths of 2 kHz in f2 ( 1 H) and 1.8 kHz in f2 ( 15 N). 2D spectra were completed in 14 min and were processed using Gaussian weighting functions in both dimensions. For 31 P NMR spectra, 128 transients were recorded with a spectral width of 4.8 kHz, an acquisition time of 3.38 s and a relaxation delay of 0.25 50 s. 64 K data points were used for processing.
pH measurements
The pH of the solutions were measured using a Shindengen 55 ISFET (semiconductor) pH meter (pH Boy-KS723 (SU-26F) and calibrated against buffers of pH 4.0 and 6.9. To avoid leaching of chloride ions, 5 μL samples were placed on the electrode and the pH recorded without returning the aliquot to the sample. Adjustments to the pH were carried out using 0.02, 0.05, 0.1 or 60 0.5 M solutions of either HClO4 or NaOH in 5% D2O/95% H2O.
DNA preparation
Duplex I was desalted by means of a NAP-25 column and 65 subsequently freeze-dried. This sample was dissolved in MilliQ H2O (113 µL), then Na3PO4 buffer (30 µL, 150 mM, pH 5.6), NaClO4 (90 µL, 0.5 M), D2O (15 µL) and TSP (2 µL, 13.3 mM) were added to the NMR tube. To anneal the duplex, the sample was heated in a water bath to 90 °C and then allowed to cool to 70 room temperature over a few hours. The concentration of duplex I was estimated by using UV spectrophotometry and 31 P NMR (relative to a known concentration of PO4
3 ). A 2D 1 H NOESY NMRspectrum of the unplatinated duplex was recorded at 298 K and confirmed that the DNA had annealed properly.
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Reaction of 15 N-1 and duplex I
A freshly made solution of 15 N-1 was prepared by dissolving 15 N-1 (0.41 mg, 0.33 µmol) in MilliQ H2O (50 µL). In order to start 80 the reaction, 15 N-1 was added to the solution containing the annealed duplex I (preparation as described above). After accounting for dilution during adjustment of pH to 5.4, the final concentrations in the 300 µl sample volume were 1 (1.0 mm) and duplex I (1 mM) in 15 mM Na3PO4, 150 mM NaClO4 in 5% 85 D2O. The reaction was followed by 1D 1 H and 2D [ 1 H, 15 N] HSQC NMR at 298 K to completion.
Data Analysis
90
Peak volumes in the Pt-15 NH3 region of the 2D [ 1 H, 15 N] HSQC NMR spectra were measured using the plug-in '2D NMR Analysis' developed for ImageJ 19 and were then converted into concentrations relative to the initial concentration of 15 N-1. Changes in concentration were calculated by normalizing the 95 percentage concentration of species observed per time point, after correcting for peak overlap, by the approach that we have described in detail elsewhere.
4, 5
Results and Discussion
The reaction of 15 N-1 with duplex I was followed using 2D 
Pre-covalent Binding
Step.
The
1 H NMR resonances in the aromatic region of duplex I were assigned from 2D 1 H NOESY NMR data allowing for identification of specific changes that occurred immediately upon the addition of 1 to duplex I (Figure 3) . The most notable changes 5 occur for the H2 protons of A5 and A7 (∆δ = 0.08-0.1), consistent with pre-association of 1 in the minor groove of the duplex as we have observed previously in analogous reactions. 5 Minor shift changes (∆δ 0.02-0.04) occur also for the H8 protons of A5 and A7 and the H6 protons of C8, T6 and T10. From 10 inspection of Figure 3 , it appears that pre-association does not occur symmetrically along the duplex but more towards the 3´ end of I. It can be anticipated therefore that monofunctional binding to G9 will be preferred over binding to G9´ and binding to G3´ will be preferred over G3. 15 The pre-association is evident also in the 2D [ 1 H, 15 N] HSQC NMR spectra recorded after addition of 1 to duplex I (Table 1 and Figure 1 15 N 0.9) to the previous reactions, consistent with a stronger electrostatic interaction with the duplex than for 1, as a consequence of the increased charge (+2). For the reactions with duplex II and III the linker Pt-NH3 groups of 1 were strongly 30 deshielded compared to the control sample, being most pronounced for duplex II (δ∆ 1 H = 0.13; 15 N = 0.9). A similar but slightly less pronounced deshielding effect is seen for the linker Pt-NH3 groups in the presence of duplex I (see Table 1 ).
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Monofunctional Binding
Step. Up to this point, the reaction of 1 and duplex I follows closely what has been previously observed: preassociation followed by aquation. 5 A characteristic feature of the platination of duplex II with 1, as well as platination of duplex III with 1 and a variety of 40 other PPCs, 4, 5, 12 is the observation of a single cross-peak (δ ~4.29/-61.0) corresponding to the Pt-(NH3)2 group bound to guanine N7 in the monofunctional adduct. This cross-peak is shifted significantly in both dimensions compared to the noncovalently bound compounds and is indicative of very similar 45 H-bonded environments for the Pt-(NH3)2 groups in the different complexes, which are not influenced by differences in the polyamine linkers. In B form DNA the two ammines can form hydrogen bonds to guanine O6 and a phosphate oxygen atom.
4
The 1 H/ 15 N cross-peak for the Pt-(NH3)2 groups of the unbound 50 {PtN3Cl} end of the monofunctional adducts is typically slightly deshielded in the 1 H dimension (∆δ 1 H = 0.02) compared to the parent dichloro complex and is attributed to similar H-bonding interactions between the NH3 groups of the unbound {PtN3Cl} group and the DNA phosphate backbone. 4, 5, 12 In the present case 55 while a single deshielded cross-peak is observed for the Pt-(NH3)2 groups of the unbound {PtN3Cl} end of the monofunctional adduct(s) (δ 3.93/-64.2), after 1 h there are two distinct cross-peaks assignable to the monofunctionally bound Pt-(NH3)2 group (Figure 1, peaks 3a) . One (δ 4.27/-60.9) has a 60 1 H/ 15 N shift similar to that typically observed whilst the other (δ 4.22/-61.5) is significantly less deshielded in the 1 H dimension (by ~0.09 ppm). Based on the shift changes observed in the preassociation step (Figure 3 ) a reasonable intepretation is that monofunctional adducts are formed by binding to the non- cross-peaks to the specific monofunctional adducts, or to calculate their relative intensity ratios, because as the reaction proceeds they become obscured by the product cross-peaks ( Figure 1 ). That one of the 1 H/ 15 N cross-peaks is significantly less deshielded than typically observed suggests a difference in the H-75 bonding interactions between the Pt-NH3 groups and the DNA, which could possibly occur if the approach to the guanine N7 is altered by anchoring of the linker group in the minor groove. For the Pt-NH3 groups of the central linker a cross-peak is observed at δ 4.26/-63.6, which is slightly deshielded in the 1 H dimension 80 compared to the pre-associated complex and has very similar 1 H/ 15 N shift to the monofuctional adducts formed by 15 N-1 with duplex II and duplex III (see Table 1 ), indicating similar environments for these groups in each case. Notably two less intense and more strong deshielded peaks are observed (δ 4.31/-85 62.7, 4.28/-62.8; see Figure 1 ), which are assignable to the Pt-NH3 groups in the central linker of a monofunctional adduct(s) based on their time dependent profiles. Overall these results suggest different structures for the monufuctional adducts. In one case the central {PtN4} linker lies in an environment similar to 90 that of the pre-associated complex in the minor groove, while the other has a different structure with more strongly H-bonded NH3 groups.
Bifunctional Binding
Step. 95 The monofunctional adducts formed by platination of either G9 or G3´ residues can transform into a 3´-3´ 1,2-GG IXL (G3´-G9), whereas the G3´-bound adduct can potentially form also a 5´-5´ 1,6-GG IXL (G3´-G3) (see Scheme 1). In our earlier study of the reaction of 1 and duplex I, significant formation of the 5´-100 5´ IXL was not observed, but instead the isolated adduct contained two simultaneous 3´-3´ 1,2-GG IXLs. 14 10 which are H-bonded to guanine O6. In that case a broad peak at (δ 4.30/-60.9) was assigned to the other two Pt-NH3 groups and a similar broad peak (δ 4. 25 Figure 1 ) are strongly overlapped with those of the monofunctional adducts(s) and are only seen clearly when the reaction is complete. A sharp crosspeak assignable to the terminal Pt-NH3 groups (δ 4.22/-61.6) is 20 more shielded than for the other bifunctional adduct, or indeed for the bifunctional adducts of 15 N-1 with duplex II and duplex III. Similarly, two sharp cross-peaks (δ 4.21/-63.9, 4.23/-63.3) and one broadened (δ 4.28/-63.5) cross-peak assignable to the Pt-NH3 groups of the central linker are more shielded than observed 25 previously. While it is not possible to make an unambiguous assignment, a reasonable interpretation is that 4X is the 5´-5´ IXL (hence the Pt-NH3 groups are in similar environments to the bifunctional adducts of 1 with duplex II and duplex III) and 4Y is the 3´-3´ IXL. The previous study of the 3´-3´ 1,2-GG IXL 30 showed that the platinum atoms coordinated in the major groove at N7 positions of guanine whist the central platinum unit is expected to lie in the DNA minor groove. The Pt-NH3 groups of the central linker would therefore be expected to have similar 1 H/ 15 N shifts to those of the pre-associated complex, as is 35 observed here.
Kinetics of Interstrand Cross-Link Formation.
In the previous studies of the reaction 15 N-1 with duplex II and 40 duplex III we were able to carry out a detailed kinetic analysis of the formation of the step-wise formation of the IXLs by monitoring the time dependent changes in the volumes of the 1 H/ 15 N cross-peaks for the Pt-15 NH3 (end) groups in the 2D [ 1 H, 15 N] HSQC spectra. A similar analysis could not be carried out in 45 the present case due to the greater degree of peak overlap; in particular the cross-peak for the {PtN3O} group of the monoaquated species 2 becomes overlapped with those of the mono-and bifunctional adducts (see Figure 1) . Figure 4 shows a time dependent plot of the relative concentrations of 1, the 50 combined monofunctional species (3) and total product (4), based on the relative intensity of the 1 H/ 15 N cross-peaks in the Pt-NH3 (end) region, after making corrections for peak overlap.
Comparison of the reaction profile with those reported previously, 5 suggests that the combined rate of monofuctional 55 adduct formation occurs faster than for binding to duplexes II and III, whereas the combined bifunctional adduct formation occurs more slowly. In the present case the monofunctional species reach a maximum intensity of 55% of the total species in solution after ca. 10 h and although the reaction is mostly complete after 60 60 h, it takes a further 40 h for the combined bifunctional adducts to completely form. In contrast, for the reactions with duplexes II and III, the monofunctional species reaches a maximum intensity of ca 30% after 7 h and formation of the IXLs is complete within 45 -48 h.
65
Conclusions
Most DNA cross-linking agents bind predominantly in the 5´-5´ direction. There are few examples of cross-linking agents that do so in the antiparallel 3´-3´ direction. The results presented here provide evidence for the formation of both the possible 3´-3´ 1,2-
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IXL and the 5´-5´ 1,6-IXL, whereas in the previous reaction of 1 with duplex I the major adduct isolated by HPLC had two simultaneous 3´-3´ 1,2-IXLs. 14 The present study shows that the cross-link preference is kinetically controlled and will depend critically on the reaction conditions, in particular the 1:duplex I 75 ratio. If monofunctional binding occurs simultaneously at both G3 and G3´ then clearly formation of the 5´-5´ 1,6-IXL is ruled out, but two simultaneous 3´-3´ 1,2-IXLs can form. Some insight into cross-link formation preference may be obtained by considering that the rate of monofunctional binding to I (G3´ 80 and/or G9) is faster than to duplex II (one unique G). This difference may be a reflection of the local environment and sequence context of the individual guanines. For example, in the reaction of 1,1/t,t with the 14-mer duplex 5´-d(ATACATG (7) (18)TAT)-3´, monofunctional binding to the 3´G (G8) is at least sixfold faster than binding to the 5´G and no binding to the isolated Gs (18 and 25) was observed. 10 Overall the rates of closure of the combined bifunctional adducts are slower for I than for II. Previous NMR and molecular modelling 90 studies of the reaction of 1 with duplex II showed that the "preassociated" form in the monofunctional adduct must diffuse off the helix backbone prior to bifunctional adduct closure. This is inherently not necessary for the 3´-3´ adduct, as indicated by the structure of the adduct where the central platinum moiety is 95 located in the minor groove.
14 Indeed, observation of very similar environments for the central NH3 groups in 4Y (assigned to the 3´-3´ IXL) with that of the pre-associated complex 1 is consistent with this interpretation.
The structure of the 3´-3´ 1,2-IXL shows little distortion 100 apparent beyond the binding site. 14 This is in contrast to that of the 1,4-interstrand cross-link where the 5´-5´ IXL forms distinct conformers 5 and the structural distortions extend beyond the actual binding site. 20 In contrast, studies of the 3´-3´ 1,4-IXL with defined sequences showed severe distortion and multiple 105 bifunctional adduct formation. 6 These features may have consequences for the details of repair of Pt-DNA adducts. 8, 9, [21] [22] [23] To mimic the interstrand crosslink of alkylating agents, Noll et al. constructed plasmid DNAs using modified cytosines incorporated into single CpG or GpC steps in small duplexes and 110 then incorporated into plasmid DNA.
9 Both sequences were substrates for DNA repair enzymes but there is a four-fold difference in NER efficiency between the two, the CpG step being more robust. Interestingly, NMR structures of oligonucleotide decamers containing the CpG (5´-5´) IXL showed a well-defined structure whereas the conformational disruptions of the CpG (3´-3´) precluded structural analysis by NMR.
The results again support the view that pre-association of the charged central linker in the minor groove dictates the 5 directionality of cross-link formation and the plethora of structurally distinct cross-links formed by complexes such as Triplatin may be a significant factor in the the overall drug toxicity. It is axiomatic that multiple repair pathways will also exist in response to these diverse structures. Finally, searching 10 for new platinum-based chemotypes has expanded significantly the description of ligand (Pt complex)-induced conformational changes of relevance to design of anti-cancer drugs.
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